Investigation of magnetic properties of Fe 3 O 4 nanoparticles using temperature dependent magnetic hyperthermia in ferrofluids I. INTRODUCTION Magnetic nanoparticles exhibit distinctly different properties from those observed in bulk magnetic materials. When the size of a nanoparticle is reduced below a critical size, the particle acquires a single domain magnetic structure. The magnetic response of these single domain nanoparticles to an external magnetic field is determined by their magnetic anisotropy energy barrier and the thermal energy leading to superparamagnetic behavior above a characteristic temperature known as blocking temperature. 1 Owing to their ability to absorb energy from external ac magnetic fields, superparamagnetic nanoparticles have been studied a great deal for a variety of technological and bio-medical applications. [2] [3] [4] [5] [6] [7] Colloidal suspensions of magnetic nanoparticles, called ferrofluids, have been investigated for magnetic hyperthermia (MHT) applications, where the magnetic nanoparticles subjected to ac magnetic fields dissipate heat leading to an increase in temperature of the surrounding medium. 8 MHT therapy is a procedure that promotes the increase in temperature in body tissues leading to change in the function of cellular structures, and cell death. Raising the local temperature of malignant tissues to [42] [43] [44] [45] [46] C is known to retard cellular growth or exert a cytotoxic effect. 9 MHT offers a unique advantage over other treatment methods, including chemotherapy and radiation, by presenting a highly localized effect with minimal side effects. The local elevation of the tissue temperature can also be coupled with drug delivery vehicles to provide a more efficient and directed method of delivering drugs to the tumors. 10 Ferrofluids of Fe 3 O 4 and c-Fe 2 O 3 have attracted considerable attention for various biomedical applications including therapeutic MHT, 11 targeted drug delivery, 12,13 and magnetic resonance imaging 14 due to their bio-compatibility and desirable superparamagnetic properties with high saturation magnetization. [15] [16] [17] One of the important factors in the clinical MHT applications of magnetic nanoparticles is their ability to produce high specific absorption rate (SAR) in a biofriendly frequency and magnetic field range which can be tuned to allow a fine control of heat generation in the affected area to minimize the damage to the surrounding healthy tissues. In addition, the large SAR values shorten the exposure time and produce overall better efficiency in the heating process. The highest value for SAR reported so far for iron oxide particles is about 900 W/g for magnetosomes. 18, 19 For synthetic iron oxide nanoparticles, the SAR value ranging from 150 to 400 W/g has been reported for field strengths of 13-16 kA/m at frequencies of 25-400 kHz. 18, 20 The ability to achieve maximum power from an alternating field at low frequencies (<10 6 Hz) depends on the magnetic losses which are determined by the magnetic properties of the system, which includes magnetic crystalline anisotropy, magnetic and physical volume of the particles, magnetization, and the rheological properties of the target medium a)
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V C 2014 AIP Publishing LLC 116, 034309-1 (i.e., cell culture or tissue). The dissipation of heat by supermagnetic nanoparticles under an applied ac magnetic field has been explained by considering contributions from N eel (rotation of magnetic moment without particle movement) and Brownian (physical rotation of the particle) relaxations. 8 Recently, Lima et al studied a series of magnetic nanoparticles and measured SAR as a function of particle size of Fe 3 O 4 . They found that the average size, size distribution, and magnetic anisotropy constant are the key parameters for producing optimum heating efficiency. 21 Using an applied field of 3 kA/m at 250 kHz, the authors found that the N eel relaxation is dominant for particle size, d < 11 nm and Brownian relaxation dominates for d ¼ 20 nm while the two mechanisms compete for 11 nm < d < 13 nm. There have been other studies aimed at understanding the dependence of SAR on the particle volume and the carrier medium. [22] [23] [24] [25] In the present work, we have investigated the temperature dependence of power dissipation in ferrofluids, consisting of dextran coated superparamagnetic Fe 3 O 4 nanoparticles, for an external ac magnetic field of various frequencies (188-375 kHz) and amplitudes (140-235 Oe). The experimental data for dc magnetization were fitted using a standard Langevin function incorporating particle size distribution to obtain an estimate for the average size of the magnetic core. Using this estimated value for the magnetic core, we fitted the temperature dependent power dissipation in ferrofluid using a well known model by Rosenweig 8 to determine the value of magnetic anisotropy constant of Fe 3 O 4 nanoparticles.
II. EXPERIMENTAL DETAILS
Fe 3 O 4 nanoparticles were synthesized by a co-precipitation method, the details of which are reported elsewhere. 26 4 OH solution was added drop-wise into the mixture producing a brown precipitate that changes to black color. The nanoparticles were repeatedly washed with deionized water until the supernatant turned colorless. Two separate solutions were prepared in 25 ml of 0.5 M NaOH solution; one with 2 g of iron oxide nanoparticles and the other with 2 g of dextran. The solution containing the iron oxide nanoparticles was then added drop-wise to the dextran solution under constant stirring, which was then sonicated for 24 h. This produced a ferrofluid with about 34 mg/ml of Fe 3 O 4 .
The freeze dried dextran coated nanoparticles were characterized by x-ray diffraction (XRD) with CuKa radiation using a Rigaku Ru2000 rotating anode diffractometer. Transmission electron microscopy (TEM) images were obtained using a JOEL HR TEM 2010 operating at 200 kV, using bare nanoparticles suspended in deionized water dispersed onto TEM sample grids. The magnetization (M) of the ferrofluid composites were measured using a Physical Property Measurement System (Quantum Design) with magnetic field (H) in the range of 0-15 kOe. The liquid samples were sealed in Stycast 1266 epoxy tubes to allow temperature dependent measurements under vacuum. The M-vs-H curve of dextran coated Fe 3 O 4 nanoparticles were measured at 300 K.
The magnetic hyperthermia measurements were carried out using an Ambrell Easy Heat system. The system consists of a simple solenoid coupled to a capacitor forming a resonant circuit, whose resonant frequency is varied by changing the capacitor in the circuit, and a power amplifier. The solenoid is cooled using circulating water. For the measurement, the ferrofluid samples were taken in a small polystyrene vial which was padded all around including top and bottom surfaces with a cotton sleeve to minimize the heat loss to the environment, and placed at the center of the solenoid. The temperature of the sample was monitored using an Optocon P/N FOTEMP1-OEM fiber optic thermometer which was connected to a computer and temperatures readings were automatically logged at a regular interval of 2 to 5 s. Fiber optic sensor was inserted through a small aperture at the center of the top cover of the vial to make contact with the ferrofluid. The magnetic field strengths were determined using a small mutual induction coil. The magnetic hyperthermia measurements were made for the ferrofluids from room temperature to about 50 C, using ac magnetic field of amplitude 140 Oe-240 Oe at various driving frequencies ranging from 188 kHz to 375 kHz. To account for the heat loss to the environment, the cooling curves (temperature versus time) were measured immediately after the ac magnetic field was turned off. Figure 1 shows the XRD pattern of the nanoparticles. All the observed peaks can be indexed to the Fe 3 O 4 crystal structure with no evidence for the presence of other crystalline impurity phases. Using several intense XRD peak and the Debye-Scherer equation, the crystallite size was determined to be around 11.4 6 0.6 nm. TEM images (Fig. 2) show that the particles are roughly spherical and polydispersed. The particle size distribution was determined by measuring the size of the particles from multiple images, 
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sorting the sizes into a histogram, and fitting the histogram data shown in Fig. 2 to a log-normal distribution function
where D o is the most probable particle diameter and r is the width of the distribution. The values of average particle diameter, D TEM ¼ D expðr 2 =2Þ, and the standard deviation
, are 13.8 nm and 3.1, respectively. This is slightly larger than the crystallite size determined by XRD, perhaps due to the presence of an amorphous surface layer. We have synthesized and characterized several batches of nanoparticles and their corresponding ferrofluids for ensuring the reproducibility. Several TEM images of nanoparticles examined show mostly spherical and polydispersed particles with some particles showing faceted growth. The SAR values reported in this paper are consistent among different batches of preparations and the small variations in their size distributions. Figure 3 shows the M-vs-H curve for the dextran coated Fe 3 O 4 ferrofluid sample measured at room temperature. The sample clearly shows superparamagnetic behavior, with no coercivity, and the saturation magnetization was found to be %65 emu/g, which is less than that of the bulk Fe 3 O 4 (M s ¼ 90-100 emu/g). The top inset in Fig. 3 shows the theoretical fit using a Langevin function for the magnetization as a function of H incorporating the particle size distribution using 27 
M H
where L(x) ¼ coth x À 1/x is the Langevin function,
, M s is the saturation magnetization, and the log-normal particle diameter distribution, f(D), is given by Eq. (1). The bottom inset in Fig. 3 shows the particle size distribution that fitted the M-vs-H data shown in the top inset. Using the M s value from the dc measurements, we fitted M-vs-H curves for the whole range of H values. From the fit, we find that the average particle diameter, d dc ¼ 10.6 nm, and the standard deviation, r dc ¼ 1.2 nm. The magnetic core diameter of the particles is smaller than the one measured by TEM indicating the presence of a surface layer ($1 nm thickness) of noncollinear spins surrounding a ferromagnetically ordered Fe 3 O 4 core. It has been reported that biocompatible coatings (surfactants and polymers) on iron oxide magnetic nanoparticles interact with the surface atoms of the magnetic core to form a nonmagnetic layer leading to a reduction in the total amount of magnetic phase. Further, it was shown that the reduction of magnetic phase depends on the type of coating as well as the solvents used. 28 Kodama et al. 29 have attributed the reduction of magnetization in magnetic oxide nanoparticles to the existence of canted spins and/or a spin-glass-like behavior of the surface spins. As The insets show the fit to the M-vs-H curve using Eq. (2) and the resulting particle size distribution. discussed below, this is also supported in the magnetic hyperthermia measurements. Figure 4 shows the heating and cooling curves for the ferrofluid sample in an ac magnetic field of 235 Oe amplitude and 375 KHz frequency. To check for possible heat transfer from the magnetic coils to the sample, we have performed hyperthermia measurements on water samples, without magnetic nanoparticles, in identical sample holders under the same conditions. No temperature rise in the water samples was observed. Figure 5 shows the heating curves for the sample at different ac frequencies and magnetic field amplitudes. In all of the measurements, the samples were heated from room temperature to 50 C before they were allowed to cool. The rate of cooling depends on the energy loss to the environment which is related to the temperature difference between the environment and the sample.
Magnetic energy dissipation in a ferrofluid sample is measured using a thermodynamic relation expressed in terms of SAR, under adiabatic condition of the sample as 8 
SAR Heating
where M sample and m Fe 3 O 4 are masses of sample and Fe 3 O 4 nanoparticles, and C is the specific heat capacity of the carrier liquid (water), DT/Dt is the time rate of change of temperature.
In order to determine the specific power loss (SPL) for the non-adiabatic sample, it is very important to get a good estimate for the temperature dependent heat losses, due to conduction, radiation, and convection processes from the sample. This is a challenging task due to the geometrical and dynamical environmental factors (local air currents and temperature variations) around the sample. We estimated the combined value of these losses by measuring the cooling temperatures of the samples as a function of time (Fig. 4) . The SPL Cooling from the sample at a given temperature is then given by
The heating and cooling curves were fitted with exponential functions to obtain smooth and continuous functions from which the time derivatives of temperature as a function of temperature were determined. From the heating curve, we determined the SAR Heating as a function of temperature using Eq. (3). This quantity does not include the heat losses to the environment which can be calculated using cooling curve (Eq. (4)). Thus, the corrected SAR as a function of temperature for the sample under investigation is given by Figure 6 shows the experimental SAR Corrected as a function of temperature, calculated using Eq. measured in our experiments are somewhat small given the frequency and the amplitude of the ac magnetic field used. The reasons for this are the particles size distribution and the presence of magnetically disordered layer due to surfactant coating of the nanoparticles. The observed SAR value decreases monotonically with temperature at any given frequency and amplitude of the ac magnetic field.
We have investigated temperature dependence of SAR in our polydisperse ferrofluid samples using linear response theory and the relaxation processes for the magnetic moments. 8 The origin of heat generation from nanoparticles in a ferrofluid subjected to alternating magnetic fields could be due to hysteresis and/or relaxation (N eel or Brownian) losses. For our superparamagnetic nanoparticles, there is no hysteresis loss but the energy loss arises due to N eel and Brownian relaxations. In N eel relaxation, the relaxation time of the magnetic moment across the anisotropy barrier is described by
where K is the anisotropy constant, V m is the magnetic volume of the nanoparticles, k B is the Boltzmann constant, s o $ 10 À9 s, and T is the sample temperature. In the Brownian relaxation, the entire particle physically rotates to align the magnetic moment with the field and the relaxation process is characterized by relaxation time
where g is the viscosity of the suspension and r H is the hydrodynamic radius of the coated nanoparticle. When both relaxation processes are present, the effective relaxation time is given by s ef f ¼ s N s B =ðs B þ s N Þ. The power density dissipated by the nanoparticles is directly related to the dissipative component of the ferrofluid susceptibility according to
where H o and x ¼ 2pf are the amplitude and angular frequency of the applied magnetic field, v o is equilibrium susceptibility, s is the effective time constant and l o is the vacuum permeability. The equilibrium susceptibility can be expressed as
where
, M d is the domain magnetization of the nanoparticle, and / is the volume fraction of the magnetic nanoparticles in the ferrofluid. For a polydisperse ferrofluid described by Eq. (1), the temperature dependence of volumetric heat release rate can be calculated by
and the SAR in W/g units is obtained from PðTÞ=q Fe 3 O 4 , where q Fe 3 O 4 is the mean mass density of the nanoparticles.
The nanoparticle size distribution and the magnetic anisotropy constant affect both the quantitative and qualitative temperature dependent behavior of SAR. We have fitted our experimental data shown in Fig. 7 using Eq. (10), by taking into account the polydispersity of the nanoparticles in the ferrofluid, with an average diameter of 10.6 6 1.2 nm as determined by the dc magnetization measurements described above. The viscosity of the medium was taken to be 10 À3 Pa s and the hydrodynamic radius of the coated particles was estimated to be %60 nm from dynamic light scattering experiment. These physical parameters yield s B $ 10 À5 s and s N $ 10 À8 s at room temperature. Thus, the N eel relaxation is the dominant process in the ferrofluid investigated in this work. For the nanoparticle size distribution and the temperature range we considered, the magnetic anisotropy energy is comparable to the thermal energy and hence increasing the temperature makes it less favorable for the superparamagnetic moments to align with the applied field. In the temperature range we studied, both v and s N decrease with increasing temperature leading to a monotonous decrease in SAR (Fig. 7) . The magnetic anisotropy constant K was determined by obtaining the best fit of the temperature dependence of SAR data at various frequencies and amplitudes to Eq. (10). The theoretical fits to the experimental data are shown in Fig. 7 . We find a value of K ¼ 28 6 2 kJ/m 3 in agreement with other values given in the literature. 8 Interestingly, a rough estimation of the value of K can also be obtained by using experimental SAR data at two different frequencies but with same field amplitude as described below. Using Eq. (8), the ratio of SAR values at frequencies f 1 and f 2 can be written to calculate s as
where a ¼ 
